1. Introduction {#sec0001}
===============

With the intensification of global warming and the increasing building energy consumption, building energy efficiency has become the focus of attention worldwide [@bib0001], [@bib0002]. Buildings account for 30% of China\'s total social energy consumption which has become the largest energy consumption entity in China [@bib0003]. Reducing energy use through more energy-efficient measures has become a common concern for researchers [@bib0004]. Fresh air supply in buildings is of great benefit to indoor air qualities and peoples\' health, and has become a concern due to the sick building syndrome (SBS) and the outbreak of the severe acute respiratory syndrome (SARS) in 2003 [@bib0005]. Due to the large temperature or enthalpy difference between the outdoor fresh air and the indoor air, the handling of fresh air requires a large amount of building energy consumption. Research showed that fresh air systems consume about 20--40% of the total energy consumption of the air-conditioning systems [@bib0006]. Therefore, development of fresh air equipment and systems to reduce the energy consumption of fresh air is of great significance to building energy conservation.

Heat recovery systems include passive and active heat recovery systems, which are environmentally friendly and energy efficient. Passive heat recovery systems do not have energy-driven refrigeration equipment, and what it needs is only fan or pump energy consumption so that it can obtain higher energy efficiency by recycling exhaust heat for heating or cooling fresh air. In recent years, various forms of passive heat recovery systems have been widely used in buildings, including heat pipe heat exchangers, flat plate heat exchangers, rotary wheel heat exchangers and liquid coupled run around energy recovery systems [@bib0007], [@bib0008], [@bib0009]. However, since these passive waste heat recovery systems use the temperature or enthalpy difference between the outdoor fresh air and indoor air to drive the system, the temperature of the fresh air supply from the passive heat recovery systems are always higher in summer and lower in winter than the indoor temperature. Active energy recovery systems can recover latent heat of the exhaust air and active control of fresh air temperature and humidity. The heat pump heat recovery system is a kind of active energy recovery system, which is based on thermal cycle operation and uses exhaust air instead of outdoor air as a heat source [@bib0010]. But, it requires additional power to drive the compressor, and the system is complex and only suitable for buildings that have a large demand for fresh air.

Thermoelectric cooling systems have the advantages of simple structure, no moving parts, no refrigerant, and have been applied in the fields of building waste heat recovery, air conditioning systems and hot water systems [@bib0011], [@bib0012]. Luo et al. developed and tested an instantaneous thermoelectric heat pump water heater, and the energy efficiency ratio (EER) of this water heater reached 1.45 or more [@bib0013]. Kim et al. developed a thermoelectric heat pump to heat buildings, and studied three cases on the optimal number of TEMs and the current [@bib0014]. Li et al. investigated a thermoelectric ventilator, which was integrated with a flat fin cross flow sensible heat exchanger and a thermoelectric modules heat exchanger to enhance heat recovery, and the performance of the ventilator was over 2.5 in both cooling and heating mode [@bib0015]. Cai et al analyzed a thermoelectric heat recovery unit first and then developed a cost-performance model considering the relationship between system performances and operating cost. The results indicated that the operating cost of a thermoelectric heat recovery system could be lower than 0.02 \$/kWh under the optimal parametric conditions [@bib0016].

Thermoelectric cooling systems can be directly connected with photovoltaic (PV) systems, which provide a new method for solar energy applications in buildings [@bib0017], [@bib0018], [@bib0019], [@bib0020]. Some solar thermoelectric cooling systems have been investigated in recent years. Liu developed a photovoltaic thermal-compound thermoelectric ventilator (PVT-TEV) system, in which photovoltaic thermal (PVT) collector generates electricity in winter and simultaneously preheats the fresh air to achieve comprehensive utilization of solar energy \[[@bib0019],-[@bib0020]\]. Xu et al. tested a PV thermoelectric window system and the coefficient of performance of the system is about 2.5 for the heating mode [@bib0021]. Sabah et al. conducted a research on a solar thermoelectric system, and the results showed that the hot and cold side temperature of the thermoelectric (TE) modules have an important effect on the system performance [@bib0022]. Cheng et.al tested a solar-driven thermoelectric cooling system. The system utilizes the waste heat of the photovoltaic and the hot side of the thermoelectric modules to obtain hot water, and simultaneously uses the cold side of the thermoelectric modules to cool the indoor [@bib0023]. Roonak and Yavar studied a photovoltaic thermoelectric cooling-heating system and the coefficient of performance of the system was about 1 when the voltage were 12 V [@bib0024]. Kashif et al. developed and studied a thermoelectric air duct system assisted by a photovoltaic wall for space cooling in tropical climates. The coefficient of performance of the system increases from 0.67 to 1.15 and the cooling power increases from 101.34 to 517.24 W, with an increase in input current from 2 A to 6 A [@bib0025]. Liu et al. studied an active solar thermoelectric radiant wall system, and the results showed that the system can actively control the temperature of the wall [@bib0026]. It can be seen that there are many researches on thermoelectric systems in the application of waste heat recovery in buildings, but there is no research on solar photovoltaic direct connection thermoelectric heat pumps for waste heat recovery.

To overcome the shortcomings of the passive waste heat recovery systems and the active compressed waste heat recovery systems, this study proposes a solar-driven exhaust air thermoelectric heat pump recovery (SDEATHP) system. In the SDEATHP system, a solar photovoltaic converts solar radiation into electrical energy, which is subsequently used to power the exhaust air thermoelectric heat pump recovery (EATHP) system to recover the exhaust heat energy for fresh air heating or cooling, realizing the aim of active control of fresh air. The system has no power consumption except for the fans because it uses solar energy to drive the thermoelectric cooler. Moreover, with its power generation in situ and used in situ, and with no battery or inverter, the SDEATHP system can save the investment in power grid and reduce the loss of power transmission and distribution. In order to prove the feasibility of the SDEATHP system, the solar-driven exhaust air thermoelectric heat pump recovery (SDEATHP) system is tested and evaluated for its ability to recover thermal energy from exhaust air to cool or heat fresh air. In details, in [Section 2](#sec0002){ref-type="sec"}, the working principle of the SDEATHP system was introduced. In [Section 3](#sec0003){ref-type="sec"}, the system experimental test platform was established. In [Section 4](#sec0007){ref-type="sec"}, the performance of the system was analyzed and discussed. In [Section 5](#sec0010){ref-type="sec"}, the coupling characteristics of photovoltaic direct-connected exhaust air thermoelectric heat pump recovery system are analyzed and discussed. Finally, conclusions and recommendations are drawn in [Section 6](#sec0011){ref-type="sec"}.

2. Working principle of the system {#sec0002}
==================================

[Fig. 1](#fig0001){ref-type="fig"} depicts the prototype solar-driven exhaust air thermoelectric heat pump (SDEATHP) system. The SDEATHP system mainly consists of exhaust air thermoelectric heat pump recovery system (EATHP) and solar photovoltaic (PV) system. The PV system is installed above the window as a fixed shading device in buildings. The EATHP system is composed of fresh air fan, fresh air side heat sink, thermoelectric modules, exhaust air side heat sink and exhaust air fan. The thermoelectric modules are installed between the fresh air side heat sink and the exhaust air side heat sink. The EATHP system is directly connected to and powered by the PV system.Fig. 1The schematic diagram of the SDEATHP system.Fig. 1.

As shown in [Fig. 2](#fig0002){ref-type="fig"} , the EATHP system has two working modes: cooling in summer and heating in winter. In summer, outdoor fresh air flows through the heat sink of the cold side (fresh air side) under the pressure of fresh air fan. Driven by direct current generated by photovoltaic system, the temperature at cold side of thermoelectric modules in EATHP system decreases and the heat is absorbed from the fresh air so that the fresh air is cooled down. At the same time, the heat generated by the hot side of the thermoelectric modules passes through hot side heat sink and is taken away by indoor exhaust air.Fig. 2The working principle of the EATHP system.Fig. 2.

In winter, the SDEATHP system works in heating mode by changing the current direction of the photovoltaic system input thermoelectric modules. As shown in [Fig. 2](#fig0002){ref-type="fig"}(b), fresh air is heated up by the fresh air side heat sink, and exhaust air is cooled down by the exhaust air side heat sink. In this way, the SDEATHP system realizes waste heat recovery of exhaust air. The thermoelectric heat pump has the function of active cooling and heating, and sob the system can achieve active control of fresh air. The SDEATHP system has no power consumption except that for the fans because it uses solar energy to drive the EATHP system. In addition, with power generation in situ and used in situ, and with no battery or inverter, the SDEATHP system is low in cost.

3. Experiment investigation {#sec0003}
===========================

3.1. Experiment setup {#sec0004}
---------------------

The prototype SDEATHP system was built and installed at the Changsha, China. The annual solar radiation of Changsha is about 1163--1393 kWh/m^2^ [@bib0027]. Twelve TE modules were used in the SDEATHP system, and three times four TE modules (4 × 3 TE modules) were connected in series, with both series connected to the PV system in a parallel, as can be seen in [Fig. 3](#fig0003){ref-type="fig"} . Every two TE modules were equipped with two heat pipe sinks, one for each side of the TE modules. The heat pipe sinks were commercial ones. A fan was installed on the fresh air and exhaust air outlets respectively and powered by a DC power. The power of each fan was 1.56 W (the operating voltage was 12 V), and the air flow of the fan was 61m^3^/h. The dimensions of the EATHP system were 420 × 265 × 340 mm, and the EATHP was made of fiberglass with a thickness of 11 mm. The diameter of fresh air and exhaust air duct was 168 mm. The fiberglass was covered with insulation material that is 27 mm in thickness and 0.002 W/m•K in thermal conductivity.Fig. 3Schematic diagram of the experiment system (before the fiberglass was insulated).Fig. 3.

The dimensions of the PV were 1640 × 992 mm, and its rated power output was about 270 W. Other parameters include short-circuit current (*i* ~PV~-ss =9.34A), open-circuit voltage (*υ* ~PV~-oc = 38.7 V), and maximum power (υ~PV-max~ =31.4 V, *i* ~PV-max~ =8.6A). The PV panel faces south and its installation angle was 30° The type of TE module is 9500/127/060 B and its size is 39 × 39 × 3.8 mm, which is produced by FERROTEC Corporation [@bib0028]. [Table 1](#tbl0001){ref-type="table"} shows the properties of the TE modules. The experiment was carried out in the laboratory and the room size was 3 m x 3 m x 3 m.Table 1Properties of the thermoelectric modules.Table 1TE moduleNumber of elements N△T~max~ ( °C)Q~max~ (W)S[※](#tb1fn1){ref-type="table-fn"} (V/K)R[※](#tb1fn1){ref-type="table-fn"} (Ω)K[※](#tb1fn1){ref-type="table-fn"} (W/ °C)9500/127/060 B12772570.052.360.51[^1]

3.2. Test method {#sec0005}
----------------

The temperature values mainly included ambient temperature (Ta), inlet fresh air temperature of EATHP (*T~in~*), outlet fresh air temperature of EATHP (*T~out~*), and indoor temperature (*T~ind~*). They are tested and recorded with a PT100 temperature sensor and a paperless recorder. The locations of the major temperature sensors are shown in [Fig. 1](#fig0001){ref-type="fig"}. The solar radiation was measured by pyranometers, which was placed at the same angle as the PV modules. The sensitivity of the pyranometer was 9.731μV/ (W/m^2^). The voltage and current of the PV system were recorded by a digital multi-meter. Air velocity was measured by a digital anemometer thermal wind speed tester air flow meter (AR866). The relative humidity of the inlet and outlet fresh air was measured by humidity sensors (HIH-4000-003).

3.3. Theoretical analysis of the system {#sec0006}
---------------------------------------

The PV electrical power (P) and electrical efficiency (*η~el~*) are calculated with the following equation:$$P = U \times I$$ $$\eta_{el} = UI/\left( {G \times A_{pvt}} \right)$$where *I* is the current of the PV module (A), *U* is the voltage of the PV module (V), *A~pvt~* is the PV collector area (m^2^), and *G* is the solar radiation (W/m^2^).

The cooling capacity in cooling mode (*Qc*) and heating capacity in heating mode (*Qh*) of SDEATHP system are calculated by [@bib0015]:$$Q_{c} = CM\left( h_{fin} - h_{fout} \right)$$ $$Q_{h} = CM\left( h_{{}_{fout}} - h_{fin} \right)$$where *hfin* is the enthalpy of inlet fresh air (kJ/kG), and *hfout* is the enthalpy of the outlet fresh air (kJ/kG•K), *C* is the specific heat capacity of air, which is 1.01 kj/(kg•K), and *M* is the mass flow rate of fresh air (kg/s).

According to the temperature and humidity of the fresh air, the enthalpy of fresh air can be calculated by [Eqs. (5](#eqn0005){ref-type="disp-formula"})--([7](#eqn0007){ref-type="disp-formula"}) [@bib0029]:$$P_{v} = 611.2e^{{({18.678 - T_{d}/234.5})}T_{d}/{(T_{d} + 257.14)}}$$ $$d = 0.6219\frac{0.01H_{r}P_{v}}{101326 - 0.01H_{r}P_{v}}$$ $$h = 1.01T_{d} + \left( {2500 + 1084T_{d}} \right)d$$where *Pv* is the steam saturation pressure, *Td* is the dry bulb temperature of the fresh air, *Hr* is the relative humidity of the fresh air, and *h* is the enthalpy of the fresh air.

The system coefficient of performance (*COP*) and the relative coefficient of performance (*COPf*) of the SDEATHP can be calculated by [Eqs. (8](#eqn0008){ref-type="disp-formula"})--([11](#eqn0011){ref-type="disp-formula"}) [@bib0015]:$$COP_{c} = {Q_{c}/\left( P + W \right)}$$ $$COP_{h} = {Q_{h}/\left( P + W \right)}$$ $$COP_{cf} = {Q_{c}/W}$$ $$CO{P_{h}}_{f} = {Q_{h}/W}$$where *P* is the electric power provided by PV system, and *W* is the power consumption of the fan. *COP~c~* is the system coefficient of performance of the SDEATHP in cooling mode and *COP~h~* is the system coefficient of performance of SDEATHP in heating mode. *COP~c\ f~* is the relative coefficient of performance of the SDEATHP in cooling mode and *COP~ch~* is the relative coefficient of performance of SDEATHP in heating mode.

4. Results and discussion {#sec0007}
=========================

4.1. Test results {#sec0008}
-----------------

The system was tested in both cooling and heating modes under actual climatic conditions. [Figs. 4](#fig0004){ref-type="fig"} and [5](#fig0005){ref-type="fig"} show the variations of voltage, current and solar radiation on the test day in cooling mode and heating mode, respectively. It can be seen that the voltage and current increase as solar irradiation increases. In cooling mode, the current is 1.9A and the voltage is 8 V when the solar radiation is 236 W/m^2^. When the solar radiation is increased to 1177 W/m^2^ in cooling mode at 12:45, the current and voltage reach the maximum values of 6.31A and 28.1 V respectively. In heating mode, the maximum current and voltage of the SDEATHP system are 28.2 V and 6.14A respectively, and when the solar radiation is 878 W/m^2^ at 12:25 on the test day, the current and voltage decrease with the decrease of solar radiation.Fig. 4Variations of voltage, current and solar radiation in cooling mode.Fig. 4.Fig. 5Variations of voltage, current and solar radiation in heating mode.Fig. 5.

[Figs. 6](#fig0006){ref-type="fig"} and [7](#fig0007){ref-type="fig"} show the electrical power of the SDEATHP in relation to solar radiation on the test day in cooling and heating modes, respectively. It can be observed that increase in irradiation intensity leads to increase in the electric power of the SDEATHP system. The maximum electric power is about 177 W at the solar radiation value of 1176 W/m^2^ in cooling mode, and in heating mode, the maximum electric power is about 173 W at the solar radiation value of 876 W/m^2^. It can also be seen from [Figs. 6](#fig0006){ref-type="fig"} and [7](#fig0007){ref-type="fig"} that the electrical efficiency of the PV system is also affected by solar radiation because the thermoelectric cooling modules are directly connected to the PV system without maximum power point tracking. The maximum electrical efficiency is 13.7% when the solar radiation is 736 W/m^2^; and the minimum electrical efficiency is only 1.1% when the solar radiation is 330 W/m^2^ in heating mode. In cooling mode, the maximum electrical efficiency is 15% when the solar radiation is 640 W/m^2^ and the minimum electrical efficiency is only 2.8% when the solar radiation is 111 W/ m^2^.Fig. 6Variations of solar radiation, electrical power and electrical efficiency in cooling mode.Fig. 6.Fig. 7Variations of solar radiation, electrical power and electrical efficiency in heating mode.Fig. 7.

[Fig. 8](#fig0008){ref-type="fig"} shows the variations of inlet fresh air temperature (T~fin~), outlet fresh air temperature (T~fout~) and indoor temperature (T~in~) in cooling mode. It can be seen that the temperature of the outlet fresh air is maintained at 26.4 °C to 29.3 °C, which is 5.4--9.9 °C lower than the inlet fresh air temperature of 32.7 °C to 37.9 °C. During the test, the indoor air temperature is maintained at 23 °C to 26 °C, and the outlet fresh air temperature is only 0--6 °C higher than it.Fig. 8Variations of T~fin~, T~fout~ and T~in~ in cooling mode.Fig. 8.

[Fig. 9](#fig0009){ref-type="fig"} shows the relative humidity of inlet fresh air and outlet fresh air in cooling mode. The relative humidity of outlet fresh air is between 77%−79% while the relative humidity of inlet fresh air is between 44%−61%. This is because the lower the fresh air temperature is, the lower the relative humidity is, and so the relative humidity of the outlet fresh air is greater than the relative humidity of the inlet fresh air.Fig. 9Variations of relative humidity of inlet and outlet fresh air in cooling mode.Fig. 9.

[Fig. 10](#fig0010){ref-type="fig"} shows the variations of inlet fresh air temperature, outlet fresh air temperature and indoor temperature in heating mode. It can be seen that fresh air supply temperature is lower than indoor temperature when the system starts to work, and as the solar irradiation increases, the temperature of outlet fresh air gradually increases from 13.8 °C to the maximum value of 31.8 °C at 12:05. Meanwhile, the fresh air supply temperature is about 12 °C higher than the indoor air temperature. After 2:30 pm, the fresh air supply temperature gradually decreases from 29.1 °C to 21.2 °C at 16:30. The maximum temperature difference of outlet fresh air and inlet fresh air is 14.7 °C when the solar radiation is 852 W/m^2^ and the indoor temperature is controlled within 18--22 °C most of the time.Fig. 10Variations of T~fin~, T~fout~ and T~in~ in heating mode.Fig. 10.

[Fig. 11](#fig0011){ref-type="fig"} shows the variations of the cooling capacity, COP~c~ and voltage of the SDEATHP system in cooling mode. Due to changes in solar irradiation, the cooling capacity of the system fluctuates greatly, with values between 52 W and 295 W. The cooling capacity reaches the maximum value of 295 W when the voltage is 26.2 V, but when the voltage reaches the maximum value of 27.6 V, the cooling capacity is just 216 W. This is because the cooling capacity of the SDEATHP system is affected by the voltage and other factors, such as inlet fresh air temperature and exhaust air temperature. As shown in [Fig. 11](#fig0011){ref-type="fig"}, the COP~c~ of the SDEATHP system decreases as the operating voltage increases. The maximum COPc can reach 14.2 at 15:40, and the minimum COPc is only 0.51 at 13:10. This is because the larger the voltage is, the larger the temperature difference between the hot and cold sides of the thermoelectric modules is, resulting in lower COPc.Fig. 11Variations of cooling capacity, COP~c~ and voltage with time in cooing mode.Fig. 11.

[Fig. 12](#fig0012){ref-type="fig"} shows that the heating capacity, COP~h~ and voltage of the SDEATHP system vary with time. It can be seen that after the system starts working, the heating capacity gradually increases from 38.7 W to 300.8 W at 11:40, and then gradually decreases because of solar radiation. It can be observed that the heating capacity drops rapidly after 12:05, but the voltage remains at around 28 V. This is because the temperature of the inlet fresh air increases and the indoor temperature decrease at the same time, and the sharp increase of the temperature difference between the cold and hot sides of the thermoelectric cooling system leads to sharp decrease of heating capacity. As shown in [Fig. 12](#fig0012){ref-type="fig"}, the COP~h~ of SDEATHP system is affected by the voltage, and the larger the voltage is, the larger the COP~h~ is. The system can obtain a larger heating factor before 10:00 and after 15:40 because the operating voltage is small. The maximum heating coefficient is 5.6 (9:10), and the minimum heating coefficient is 1.29 (10:00).Fig. 12Variations of heating capacity, COP~h~ and voltage with time in heating mode.Fig. 12.

4.2. System performance analyses and discussion {#sec0009}
-----------------------------------------------

To determine the SDEATHP system\'s ability to recover heat from exhaust air, we tested the performance of the SDEATHP system in summer and winter operating conditions. The experimental results are shown in [Figs. 4](#fig0004){ref-type="fig"}--[12](#fig0012){ref-type="fig"}. It can be seen that the SDEATHP system shows a different performance under different solar radiation, inlet fresh air temperature and exhaust air temperature. In this part, we use the test data of the solar radiation, temperatures and voltage to compute the performance of the SDEATHP system, including average cooling capacity, average electrical efficiency of PV and average system COP of the SDEATHP system.

The amount of average solar radiation is calculated according to the test results ([Figs. 6](#fig0006){ref-type="fig"} and [7](#fig0007){ref-type="fig"}). The average solar radiation received by the PV system during the testing day is 641.3 W/m^2^ in summer and 583.7 W/m^2^ in winter. As can be seen from [Table 3](#tbl0003){ref-type="table"}, the average electrical power of the PV system is 102 W in summer and 104.6 W in winter. Overall, the average electrical efficiency of the PV is 9.4% in summer and 11% in winter. According to [Figs. 11](#fig0011){ref-type="fig"} and [12](#fig0012){ref-type="fig"}, the average SDEATHP cooling capacity and heating capacity are 158 W and 180.8 W, respectively. According to the average electrical power and average electrical efficiency of the PV, the average system COP of the SDEATHP system is about 1.50 in cooling mode and 1.68 in heating mode. However, since the SDEATHP system uses photovoltaic to drive the thermoelectric cooling system, the system requires only 3.12 W of power for the fans. If the fan power is used as the input power of the system to calculate the performance of the system, the average relative cooling coefficient in summer and the average relative heating coefficient can reach 50.6 and 57.9, respectively. Improvement in the performance of the SDEATHP system can be achieved by improving heat dissipation conditions, especially the hot side of the thermoelectric modules. Moreover, the performance can be further improved by selecting higher performance of TE modules and the PV system [@bib0030].

Using solar energy to drive the thermoelectric cooler, the SDEATHP system has no power consumption except that for the fans. As can be seen from [Figs. 8](#fig0008){ref-type="fig"} and [10](#fig0010){ref-type="fig"}, the indoor temperature is 23 °C to 26 °C, and the outlet fresh air temperature is only 0--6 °C higher than it is in cooling model. In heating conditions, the outlet fresh air temperature gradually increases after the SDEATHP system starts to work, and becomes higher than indoor temperature, reaching the maximum value of 31.8 °C at 12:05. At this time, the outlet fresh air temperature is about 12 °C higher than indoor air temperature. It indicates that the SDEATHP system can obtain higher outlet fresh air temperature in winter and lower fresh air supply temperature in summer and can achieve full recovery of exhaust air heat. However, traditional passive heat recovery systems are driven by temperature difference or enthalpy difference between fresh air and exhaust air. The temperature drop of fresh air supply temperature in summer and the temperature rise in winter are smaller, and the system cannot obtain fresh air temperature that is lower in summer and higher in winter than indoor temperature.

When there is no solar energy on rainy day or at night, the alternating current (AC) power can be converted to direct current (DC) to drive the SDEATHP system, thus achieving a continuous supply of fresh air for buildings. In addition to working in summer and winter, the SDEATHP system can also handle fresh air in swing season. Because of the decrease in outdoor fresh air temperature and in photovoltaic cell temperature in swing season, the photovoltaic cell power generation efficiency increases as compared with that in summer. In addition, the SDEATHP system can obtain lower fresh air supply temperature because of the lower temperature of fresh air inlet.

Compared with active heat pump waste heat recovery system, the SDEATHP system shows many advantages. It has no mechanical moving parts, no working fluids and is Freon free. At present, the SDEATHP system is relatively bulky. It can be reduced in size by application of more compact heat exchanger to the EATHP system. With its power generation in situ and used in situ, and with no battery or inverter, the SDEATHP system is simple and can save investment in power grid and reduce loss of power in transmission and distribution.

5. Discussion on photovoltaic and TE modules connection strategy {#sec0010}
================================================================

In this section, we have a theoretical discussion on photovoltaic and TE modules connection strategy of the SDEATHP. There are different options for performance simulation of photovoltaic cells [@bib0031]. In this study, the single diode *R~p~*-model (five-parameter method) is selected to calculate the performance of the photovoltaic. The *I--U* characteristic of the PV module is as follows [@bib0032]:$$I = I_{ph} - I_{0}\left\lbrack \exp\left( \frac{U + IR_{s}}{V_{t}} \right) - 1 \right\rbrack - \frac{U + IR_{s}}{R_{p}}$$where *I~ph~* is photo current (A); *I* ~*0*~ is diode saturation current (A); *V~t~*= *N~s~n* ~0~ *KT*/*q* is diode thermal voltage (V); *T* is the temperature of the junction (K); *Ns* is the number of solar cells in series; *n* ~0~ is the diode ideality factor; *K* is Boltzmann\'s constant (1.380653 × 10^−23^ J/K); *q* is the absolute value of electron\'s charge (1.60217646 × 10^−19^ Coulomb); *R~p~* is the parallel resistance (Ω); *Rs* is the series resistance (Ω). The model was called five parameters model because there are five unknown parameters of *I~ph~, I~0~, R~p~, Rs* and *V~t~*, which can be extracted by differential evolution (DE) method [@bib0032] with the data from the manufacturer.

Based on [Eq. (12)](#eqn0012){ref-type="disp-formula"}, the *I-U* curves of the photovoltaic cells at any solar radiation and temperature can be obtained. For a PV cell under actual operating conditions, the PV cell output current value is determined by the resistance value of the connected load. When photovoltaic cell is directly connected to thermoelectric modules, the specific operating point of the thermoelectric system can be determined in the I-U curves of the photovoltaic cell according to the electrical characteristics of the thermoelectric cooling system.

For each connection strategy [Fig. 13](#fig0013){ref-type="fig"} ), the relationship between voltage and current can be calculated by [Eqs. (13](#eqn0013){ref-type="disp-formula"})--([(16)](#eqn0016){ref-type="disp-formula"}:$$V = xV_{TE}$$ $$I = yI_{TE}$$ $$P_{TE} = I_{TE}^{2}R_{TE} + aT_{TE}\Delta T = V_{TE}I_{TE}$$ $$I = y\left( {\frac{V}{x}{\left. - a\Delta T \right)/}R_{TE}} \right).$$where *I* is the total current of the EATHP system, and *V* is the total voltage of the EATHP system. *I~TE~* is the current of the single thermoelectric module, *V~TE~* is the voltage of the single thermoelectric module, *P~TE~* is the power consumption of the single TE modules, *x* is the number of the TE modules in series, and *y* is the number of the TE modules in parallel, *a* is the Seebeck coefficient, *R~TE~* is the module\'s electrical resistance, and △*T* is the temperature difference of the cold side and hot side of the TE modules. In order to calculate the power input of the TE modules, the *△T* is assumed at 15 °C, and the parameter value of R~TE~ is 2.36Ω, according to the product information of TE modules.Fig. 13Different strategies for electrical TE connection.Fig. 13.

In order to get outstanding performance, the SDEATHP system requires that: [(1)](#eqn0001){ref-type="disp-formula"} the current of each TE module should be maintained at the current point of the maximum COP; [(2)](#eqn0002){ref-type="disp-formula"} the thermoelectric modules should work within allowable working voltage range; [(3)](#eqn0003){ref-type="disp-formula"} Photovoltaic cells should work as close to the point of maximum efficiency as possible. As shown in [Fig. 13](#fig0013){ref-type="fig"}, there are some connection strategies for the TE modules and PV system. According to [Eq. (16)](#eqn0016){ref-type="disp-formula"}, we can get the I-V curves of the thermoelectric modules under different connection diagrams. Moreover, when the I-V curves of thermoelectric modules were added to those of the PV system, we can identify the TE and PV system working points, as shown in [Fig. 4](#fig0004){ref-type="fig"}.

[Fig. 14](#fig0014){ref-type="fig"} shows the operating voltage and current curves of thermoelectric cooling modules under different connection strategies. From the *I-U* curves of the photovoltaic cells under solar radiation of 200 W/m^2^, 400 W/m^2^, 600 W/m^2^,800 W/m^2^,and 1000 W/m^2^, we know that the maximum efficiency operating point of the photovoltaic under different solar radiation is between 30--38.5 V. In addition, according to our previous research, when a single TE module has a current between 1.2 and 2.2 A, it can achieve excellent performance [@bib0013]. Therefore, we can reach the following conclusion about the strategies of connecting the TE systems to the PV system for current SDEATHP system. From [Fig. 14](#fig0014){ref-type="fig"}, [(1)](#eqn0001){ref-type="disp-formula"} when using a 3 × 4 TE module, the photovoltaic cell has lower power generation efficiency, and the system operating point is farther away from the maximum efficiency point. [(2)](#eqn0002){ref-type="disp-formula"} When using the 3 × 4 and 6 × 2TE module, the PV operating point is far from the maximum efficiency point. [(3)](#eqn0003){ref-type="disp-formula"} When 5 × 2 TE modules are used, the system performs better at the solar irradiance of 600--800 W/m^2^, and when the solar irradiance is below 400 W/m^2^ or above 900 W/m^2^, the system is far from the maximum power point of the PV system. [(4)](#eqn0004){ref-type="disp-formula"} It can be seen that 4 × 3 TE modules are feasible connection diagrams. When the 4 × 3 TE modules are used, the system can get an excellent electrical performance at the solar irradiance of above 800 W/m^2^. When the solar radiation is 800 W/m^2^, the photovoltaic operating point is close to the maximum efficiency point in the 4 × 3 TE connection scheme with the voltage of 26 V and the current of 7.2A. At this working condition, every single TE module\'s operating voltage is about 6.5 V and the current is about 2.4A. When the solar irradiance drops to 400 W/m^2^, the voltage and current generated by the PV system are about 14 V and 3.6A, and the operating voltage of every single TE module is about 3.5 V and the current is about 1.2A, at which the TE module can get a better performance.Fig. 14Electrical load for different connection of TE modules.Fig. 14.

6. Conclusions and recommendations {#sec0011}
==================================

In this study, a solar-driven exhaust air thermoelectric heat pump system is tested and evaluated for its ability to recover energy from exhaust air to cool or heat fresh air. The SDEATHP system uses solar energy to drive thermoelectric heat pump, and has no power consumption except for the fans. An experimental test platform was established under actual climatic conditions to analyze its performance. The fresh air temperature can reach the maximum value of 31.8 °C, which is about 12 °C higher than the indoor air temperature in winter, and the outlet fresh air temperature is 0--6 °C higher than indoor temperature when it is 23 °C to 26 °C in summer, which indicates the SDEATHP system can effectively heat the fresh air in the winter and cool the fresh air in the summer. The average cooling and heating coefficient of performance is about 1.50 and 1.68, respectively. The system requires only 3.12 W of power for the fans and the average relative cooling coefficient in summer and the average relative heating coefficient can reach 50.6 and 57.9, respectively, which indicates the system can achieve active recovery of heat from the exhaust requiring only a minimal amount of additional energy.

Due to the fluctuation of solar radiation intensity, the fresh air temperature of the system has certain fluctuations. In the future, energy storage technologies can be used to control fresh air temperature. For example, using a battery to store electrical energy of photovoltaic cells, we can control the fresh air temperature by changing the voltage of thermoelectric modules. In addition, we can use phase change material to store the thermal energy of SDEATHP system to balance the cooling or heating needs of fresh air handling. The performance of the SDEATHP system can be further improved by optimizing the connection strategy between the TE modules and the PV system and by improving the heat dissipation conditions, especially the hot side of the thermoelectric modules. Moreover, using higher performance TE and PV systems also can improve the performance of SDEATHP system.
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[Table 2](#tbl0002){ref-type="table"} Abbreviates of parameters*A~pvt~*PV collector area (m^2^)COP~c~the system Coefficient of Performance of SDEATHP in cooling mode (-)COP~h~the system Coefficient of Performance of SDEATHP in heating mode (-)*COP~cf~*the relative coefficient of performance of the SDEATHP in cooling mode(-)*COP~ch~*the relative coefficient of performance of SDEATHP in heating mode(-)Gthe solar radiation (W/m^2^)*Hr*relative humidity of fresh air (%)*hfin*the enthalpy of fresh air before being handled (kJ/kG)*hfout*the enthalpy of fresh air after being handled (kJ/kG)*I*current (A)Mthe mass of fresh air(kg/s)*Pv*steam saturation pressure(Pa)*P*input electric power(W)*Q~c~*cooling capacity of SDEATHP system in summer mode (W)*Q~h~*heating capacity of SDEATHP system in winter mode (W)*U*voltage (V)*T~fin~*the temperature of inlet fresh air (°C)T~fout~the temperature of outlet fresh air (°C)T~in~the indoor temperature (°C)*ΔT*temperature difference of thermoelectric module (°C)Cthe specific heat capacity of air, which is 1.01 kj/(kg.k)*η~el~*the electrical efficiency of PV(-)*W*power consumption of fan(W)Rthe electrical resistance of thermoelectric module\'s (Ω)Sthe Seebeck coefficient of thermoelectric modules (VK^−1^)Kis the thermal conductance of thermoelectric module\'s (W °C ^−^ ^1^) Table 2Specifications of instruments.Table 2ParametersInstrumentsAccuracyTemperaturePT100± 0.1 °CRelative humidityHIH--4000--003±3.5%Air velocityAR866±3%VoltageDigital multi-meter±0.5%CurrentDigital multi-meter±1%Table 3Energy performance of the SDEATHP system.Table 3Operating modeAverage solar radiation(W/m^2^)Average electrical power PV cells(W)Average SDEATHP cooling or heating capacity(W)Average electrical efficiency of PV (%)Average system COP of SDEATHPAverage system COP~f~ of SDEATHPSummer641.31021589.4%1.5050.6winter583.7104.6180.811%1.6857.9[^2]
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[^1]: At the average temperature of 20 °C

[^2]: The area of the PV is 1.627m^2^, and the fan power is 3.12 W.
